In this paper, I study the relationship between information and communication technology (ICT), labor demand, and total factor productivity (TFP) in Colombia. I estimate TFP for the Colombian manufacturing sector using the methods developed by De Loecker and Warzynski (2012) and De Loecker (2013) . This method assumes a law of motion where TFP evolves both according to an autoregressive process of order 1 as well as with the past use of Broadband technologies. Using fixed effects models, I estimate the relationship of broadband use on the labor demand of different workers controlling for TFP, capital and wages. To address the potential endogeneity between broadband adoption and labor demand, I used state-industry level variation of broadband quality (speed) and intensity of use. Results show a positive association of broadband adoption on labor demand suggesting ICT adoption can offset the employment effects of technological growth. The attempts to identify causal effects using an instrumental variable approach were inconclusive.
Introduction
This section of the paper shows the international context of internet use in Colombia. Figure 1 shows that as of June 2015, Colombia had a total number of internet subscriptions per 100 inhabitants, similar to Mexico (11.2), but lower than Chile (14.6). The latter's is half of the OECD average of 28.8 subscriptions per 100 inhabitants. DSL and Cable are the dominant technologies in Colombia and both have the same number of subscriptions (5.2) per 100 inhabitants, despite an ambitious plan to expand the optical fibre network to almost every municipality (Ministerio de Tecnologías de la Información y las Comunicaciones 2017). Colombia showed a significant increase in fixed broadband penetration. The growth level was almost three times level of the OECD average and near one and a half times the growth level displayed by Chile. This shows that at the household level, Colombia may still have room to expand its broadband penetration. At the business level, the story is quite different. In 2003 86% of small and medium size enterprises (SME) and 96% of large ones had internet access (CINTEL) (2003) . In 2015 99% of firms in manufacturing and 99.7% in retail and services used internet (CRC) (2015) . This shows that internet access in the last decade has been relatively high in Colombia's business sector.
This high coverage of internet access poses the challenge of identifying the gains in productivity due to the availability of internet and how it relates to labor demand; we therefore focus on a slightly different question. In the next section I explore the literature and conclude that the focus, rather than being on internet access per se, should be on high-speed broadband internet access for firms.
The second section discusses the relevant literature that is related to this paper. The third describes the data used in this analysis. The forth section discusses the results of the ICT module in the Annual Manufacturing Survey for the years 2008-2014. The fifth section discusses the TFP estimation procedure. The sixth section presents the main results of the paper in terms of the effect of TFP gains due to ICT use on labor demand and wages. The sixth section shows robustness and falsification exercises. The final section concludes with a discussion of the results.
Literature review
This paper is related to two different branches of the economics literature. The first branch studies the impact of broadband internet and firm productivity (Fabling et al. 2016) . The second branch focuses on the estimation of production functions and total factor productivity. The first contribution of the paper is adding to the scarce empirical evidence about the labor demand predictions of task based models of technological change for heterogeneous firms in developing countries with a special focus on broadband internet. The second one is estimating total factor productivity within the framework of proxy method models of production function estimation proposed by De Loecker and Warzynski (2012) and De Loecker (2013) . Where the innovation is modelling a total factor productivity law of motion that explicitly considers the past adoption of high-speed broadband internet as a shifter in growth levels. I now discuss each literature and put the paper's contribution in context within each one.
The paper's theoretical underpinnings follow Brambilla (2017) . Her model predicts that because of ICT adoption, firms will grow, pay higher wages, become specialized in complex tasks and more skill intensive conditional on skilled labor and ICT being complements. Brambilla (2017) expands traditional task based models of technical progress and labor markets to allow firm heterogeneity and wage heterogeneity across firms. In this paper, ICT adoption will be modeled as the adoption of high-speed broadband internet. Akerman et al. (2015) provide evidence of the skill complementarity of broadband internet adoption. Related to this point, there is also a growing literature about the effect of broadband internet on firm productivity (Fabling et al. 2016; Grimes et al. 2012; Haller and Lyons 2015; Bertschek et al. 2013; Colombo et al. 2013) . I now briefly discuss this literature. Akerman et al. (2015) use Norwegian data and a quasi-experiment to show that ICTs are innovations biased towards skilled workers. To identify the intent-to-treat effects, the authors exploit the staggered roll-out of broadband internet. To estimate the production function and thus productivity, they use the Levinsohn and Petrin (2003) methodology. The authors find evidence that the availability of broadband is associated with a substantial increase in the output elasticity of skilled labor. They find the opposite effect for unskilled labor. Fabling et al. (2016) study the effect of ultrafast broadband (UFB) internet on labor demand and productivity in New Zealand between 2010 and 2012. UFB was defined by the government as download speeds of up to 100Mbps and upload speeds of up to 50Mbps. The authors use the proximity to schools as an instrument for broadband availability since the government targeted schools and hospitals in their expansion plans of UFB to reach 80 percent of the population by 2022. The technology through which UFB can be obtained and the authors focus on is (optic) fiber. These authors do not find any statistically significant effects and suggest that most gains from UFB would arise a result of selection. Their results suggest that gains from UFB would be related to complementary investments by firms. Bertschek et al. (2013) do not find a statistically significant effect of broadband on labor productivity, but find positive effects on firm innovation in Germany. Their analysis covers the period 2001 to 2003 when there was already high penetration rate of broadband use by firms and focus on DLS technology. The authors exploit broadband availability at the postal code level to identify the causal effects. Colombo et al. (2013) find negligible effects of adopting broadband applications in small and medium enterprises in Italy during the period 1998-2004. The authors base their analysis on services which require broadband speeds and construct their variable of interest using principal component analysis. Their results point to the complementarity of broadband with other investments at the firm, those related to management practices.
The paper also relates to the literature about production functions and total factor productivity (TFP) estimation (Olley and Pakes 1996; Levinsohn and Petrin 2003; De Loecker 2013; De Loecker and Warzynski 2012; D. A. Ackerberg et al. 2015; Gandhi et al. 2013) . The paper contributes to this literature by explicitly modelling an endogenous total factor productivity process which is governed by past productivity as in D. Ackerberg et al. (2006) and the previous adoption of broadband through broadband technology, namely DLS, Cable or Optical Fibre. A more detailed discussion about these methods is postponed to the section where the methodology is explained.
Data description
The main dataset is composed of an unbalanced panel of 14,479 plants in the manufacturing sector in Colombia, spanning over 7 years (2008) (2009) (2010) (2011) (2012) (2013) (2014) of data from the Annual Manufacturing Survey (EAM from its acronym in Spanish.). EAM is a census of manufacturing firms in Colombia which employ at least 10 workers or have an output value about 73,000 USD 2 . It gathers very detailed information about employment levels and costs, asset levels and investment, output and intermediate materials use for production. Starting in the year 2008 it also collects and ICT module where information about internet use and technology can be found. In the sample, 6999 (48.3%) plants have information for every year and were used as a balanced sample to check the robustness of the results. I also use broadband speed data at the state level kindly provided by Communications Regulation Commission for the years 2008-2014. The sample used to estimate Total Factor Productivity was a subsample of these firms and it's described in detail in that section.
ICT use in the Colombian manufacturing sector
In this section I describe the results about ICT use in Colombian firms from the information collected in EAM special modules for the years 2008 through 2014. The pooled sample summary statistics for the five-year period are discussed. This section the analysis is broken down by firm size and I report information collected in the ICT module about the use of computers at the firm, internet access, and the type and speed of internet connections. The top panel in Table 1 shows that 72% of firms in the sample hired up to 50 workers and are considered by most definitions small firms; 18% of firms hired between 50 and 200, 8% between 200 and 1,000 and about 2% of firms hired more than 1,000 workers between 2008 and 2014. It's clear that most firms in the sample are small units of production, and the reader should take this into account when interpreting the results. The bottom panel restricts the sample to the initial year, 2008, where ICT information started to be collected. The main take away is the stability in the distribution of firm sizes during the period of analysis. The first column of Table 2 shows the average number of employees in each firm size category, to put into context the variables described. The table also shows that the average number of computers at each firm increases with size as does the share of workers that use computers. Column four shows that the average use of internet is basically universal for firms of all sizes. The final column shows that having a website tends to increase with firm size. In smaller firms about 1 in 3 workers uses a computer while in large firms this ratio is about 1 in 2. In the Colombian manufacturing sector, less than a third of workers uses the internet for their work. This percentage is higher for large firms (those hiring more than 1,000 workers) but is just about 42% of workers. In small firms, just under 28% of workers use the internet in their work. This suggests that the impact of internet use or availability on firm's productivity would be more likely to be observed in larger firms where internet exposition is greater for workers. As discussed above, the sample for the estimation of the production function parameters from which TFP is calculated was different that the main sample. The selection criteria were determined using four items: Value added, prices and input consistency, industry size, and survival. I now discuss each one in detail.
• Value added: firms which reported zero or negative value added were deleted.
• Wage bill and intermediate inputs: I required that both the value of the wage bill and the costs of intermediate materials were strictly lower than the value of output. Firms that did not fulfilled this requirement were deleted.
• Industry size: I required that that at least 10 firms were part of an industry at any moment in time to include any firm in that industry.
• Survival: For any firm to be included in the production function estimation sample, it had to report information during four consecutive years.
Input selection
The production function estimation uses capital, labor and intermediate materials as inputs. All monetary variables were deflated using the Producer Price Index which varies by industry class (Two digits in ISIC Rev. 3) and the base year is 2013. Capital is defined as the value of fixed capital stock in each year. The stock of capital is constructed recursively using the change in investment levels and assuming a depreciation value of 5% for all capital. = −1 * (1 − 0.05) + . Capital includes three types of assets: Machinery, office equipment and transportation equipment. I have decided to leave out Buildings and land to make the analysis comparable across business and sectors
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. Labor includes all personnel, regardless of their skill level or contract type. Finally, intermediate materials include the value of raw inputs, materials and packaging used in the production process.
Total Factor Productivity was estimated using the GMM methods proposed by De Loecker and Warzynski (2012) and De Loecker (2013) . I will refer to this methodology as DLW from now on. A gross output production function was estimated to address the concerns by Gandhi et al. (2013) that value added production functions may generate too much dispersion in the estimated productivity 4 . In this paper a firm's broadband use at each moment was used to identify the parameters of a Cobb-Douglas production function which uses labor, capital and intermediate materials ( , , , respectively) . Where is the unobserved Total Factor Productivity and represents measurement error. The assumption is that the demand for inputs differs significantly between firms that decide to use broadband internet and those that do not. All inputs and gross output are expressed in logarithms.
As an innovation, the process that governs the evolution of productivity over time can be determined by the firm's use of broadband technologies at time t-1, −1 . The intuition follows De Loecker's (2013) argument that if productivity evolves exogenously, as in D. A. Ackerberg et al. (2015) then investment decisions such as exporting or the adoption of high-speed internet would have no effect on technological improvements by the firm. We therefore consider an explicit law of motion which allows past decisions of adopting broadband internet to directly affect productivity growth.
DLW propose a two-stage estimation procedure. In the first stage, gross output is regressed on the production function inputs and on variables that affect input demand. In our case the firm's broadband use is assumed to affect input demands differently for firms that have access to broadband internet and those that do not. The function includes interactions of period t broadband use and a third-degree polynomial of all inputs.
The procedure assumes that (unobserved) Total Factor Productivity, , is a monotonic function of (observable) inputs and broadband use, = ( , , , ). Therefore, unlike other proxy methods such as Levinsohn and Petrin (2003) none of the parameters are identified in the first stage.
As mentioned, I assume that productivity evolves as a function of the previous period productivity, broadband use and a productivity shock, similar to De Loecker and Warzynski (2012) . = ℎ( −1 ; ) + −1 + . Function ℎ is approximated using a third-degree polynomial on lagged productivity, lagged exporting status and a constant. The vector ≡ ( , , ) is used to construct Total Factor Productivity as:
Finally, in the second stage the production function parameters are identified by imposing the following moment conditions in a GMM estimation.
Capital is assumed to be predetermined at time , and therefore uncorrelated with the productivity shock. Lagged variable inputs −1 and −1 are used in the moment conditions as current values are likely to be correlated by with the productivity shock (e.g. these are freely variable inputs). A single production function is assumed and estimated for the whole manufacturing sector. In line with this assumption, Casas and González (2016) showed that aggregating from sector specific productivity provides similar productivity growth patterns to estimating a single production function.
This paper aims to assess the effect of TFP growth which can be explained by broadband use on labor demand and wages. Since the estimation process imposes a structured autoregressive law of motion on the evolution of TFP which is affected by past broadband use, this exercise can be performed directly by regressing the variables of interest on the estimated TFP. De Loecker (2013) points out that methods which do not consider an endogenous TFP process that depend on past exporting behavior tend to underestimate the relationship between exporting and productivity. Under the assumption that there are similarities in the decision-making process between the adoption of broadband technology and entering exporting markets, I conjecture that not considering an endogenous TFP process which depends on broadband use is likely to bias the relationship between ICT use and productivity. To assess the nature of the bias I will conduct robustness exercises using the productivity estimator of D. A. Ackerberg et al. (2015) and the De Loecker (2013) procedure which models the productivity law of motion as a function of past exporting status. Table 4 shows the estimated production function coefficients for each the methods used in this paper. My preferred method's coefficient for labor and capital fall within the range of values of OLS and fixed effects estimations. Suggesting that both coefficients are biased upward under an OLS estimation. On the contrary, the materials coefficient is higher than either OLS or fixed effects. Table  5 shows that the correlation of TFP across the three methods is very high. DLW estimation is performed under the assumptions that: 1-Variable input labor demands are a monotonic function of productivity. 2-Input demand responds differently for firms that use broadband internet and those that do not. 3-TFP evolves as a function of the previous period productivity and the previous period use of broadband internet. I now provide evidence that these assumptions hold. Table 6 shows that there is a negative correlation, for all inputs, between TFP and input demand in OLS estimations. This is true for variable inputs that enter the production function as well as for energy which was not included but has been used by other authors in Colombia (Eslava et al. 2004) ). This same table shows that input demand is higher for firms that have a broadband internet and those that have broadband internet technologies. In this case firms that have contracted broadband speeds through broadband technologies (DSL, Cable/Fibre, Wireless) showed a lower input demand than the rest of firms in the OLS estimation. Once I account for firm fixed effects, the correlation between capital and productivity becomes positive and firms that use broadband through broadband technologies have a higher variable input demand. This interaction was chosen as the indicator for broadband use for the remainder of the paper as it captures the use of higher broadband internet speeds. It's an established fact that high-speed internet requires technologies such as DSL or optical fibre for its delivery, where regular broadband tends to be more technology neutral (Calvo, 2012) . Table 7 shows the estimation of the TFP policy function through three different methods: Ordinary least squares, fixed effects and dynamic panel models. All estimations show that TFP is a function of past productivity. The coefficient on lagged TFP has the expected positive sign which points to the persistence of TFP growth within firms. Lagged broadband use is not statistically significant and lagged broadband technology is only statistically significant in the fixed effects estimation, which is my preferred specification. In these specifications their interaction is not statistically significant. metropolitan area, (two digit) industry of economic activity and year respectively. Finally, the vector X captures variables which are theoretically related to labor demand. I have included the lagged value of capital and the minimum wage (which is interacted with the share of unskilled labor in industry total employment). All standard errors were two-way clustered at the state and plant level. The period of analysis is [2008] [2009] [2010] [2011] [2012] [2013] [2014] given that information on broadband use is only available for this time frame. The estimation sample is restricted to firms that report a consistent industry code during the sample period and therefore the vector of coefficients Β 4 will not be identified separately form the fixed effect.
The adoption of broadband services may be correlated with unobserved factors, such as the availability of service providers at the plant's location or the costs of internet services. Under this assumption coefficient 1 will be inconsistent to identify the effect of broadband adoption. I'll instrument broadband use with an interaction of log broadband speeds available for businesses at the state level and the industry average broadband use through broadband technology in the previous year. Therefore, the estimation will pick up the effect of broadband use which can be explained by the variation in broadband speed availability at the Industry-State level. Broadband speed is defined as the download internet speeds weighted by the number of subscriptions each internet service provider reported in each state from 2008 to 2014.
The identification of the effect of broadband use due to broadband service quality use on labor demand relies on the relevance and exclusion restrictions being satisfied by the instrument. The instrument was constructed as the product of two variables: 1-The average use of broadband at the (three digit) industry level in the previous year 5 . 2-The (weighted 6 ) average download speeds at the state level. The first part of the instruments is relevant since it captures the degree of broadband use in each industry. As Table 15 shows, there are statistically significant differences in labor market variables depending on whether firms belong to an industry where broadband is more intensively used. The second part of the instruments is relevant as it captures a precise definition of broadband internet quality, it's download speeds at the state where the production unit is located 7 .
The exclusion restriction of the instrument is given by the fact that the average, three-digit industry broadband use is predetermined each period. The second part of the instrument exploits the fact that internet quality to businesses is determined by the service provider infrastructure and should only affect labor demand through its effects on broadband adoption and use and not directly. Figure  10 suggests that between 2008 and 2014 the average internet speed increased in Colombia. By 2008 only the darkest areas had internet speeds above 2mbs, while by 2014 some of the white areas had broadband coverage. However, this increase has not radically changed the areas where the highest broadband speeds were available. The Appendix shows the broadband speed information for every year. A violation of the exclusion restriction would suggest firms change labor demand as a response to internet speeds in their state and not because it affects labor demand through its effect on broadband adoption and use. Table 8 shows some suggestive statistics for firms across two dimensions. The first is whether they were classified as being part of an industry where broadband use was above the manufacturing sector average in the year 2008. The second dimension captures whether the firm currently uses broadband internet. Current use of broadband is related to higher unskilled labor demand, output and productivity. However, there isn't any additional correlation due to being part of an intensive broadband use sector. These results suggest a certain degree of complementarity of broadband use with the demand of unskilled labor in Colombia but not with skilled labor. Even in the presence of a positive relationship with output and total factor productivity. Table 8 Broadband use intensity and selected outcomes I now turn to the main results. Table 9 shows that firms that report using broadband internet appear to have a higher labor demand, than those with slower internet access; about 2.2 log points. However, there does not appear to be any relationship between broadband use and outsourced, management and permanent labor demand, which suggests internet use is particularly related to production worker's labor demand. Temporary labor displays the highest correlation with broadband use. Since TFP has been estimated from a structural model, under the set of assumptions explained before, the results can be taken to have a casual interpretation on labor demand. These results show a negative relationships of productivity gains on labor demand for all type of workers, holding everything else constant. Columns 2 to 9 compares pairs of possible labor substitutes in the production process. Taken at face value, increases in productivity from past adoption of broadband internet would reduce to a higher degree outsourced labor than direct labor, low skilled than high skilled labor demand, production workers relative to managers, and temporary workers relative to permanent ones. These results suggest that labor types which may be easier to adjust, such as outsourced, unskilled and temporary would be the most likely to be substituted by broadband adoption. Interestingly, the size of the effect is similar for men and women, suggesting an absence of gender bias in the substitution between labor and productivity growth. Table 10 shows the results of my instrumental variables approach. As discussed, I used the log average download speeds at the state level interacted with the lagged average broadband use at the industry level. While other potential instruments such as the number of broadband subscriptions and the upload speed were available, the preferred specification uses download speed given the results of statistical tests which can be seen in Table 15 and Table 16 in the Appendix 8 . Except for outsourced and professional workers, the first stage statistics are well above the conventional levels of statistical significance. This is also true about the weak instruments and weak instrument robust inference statistics.
Correcting for the possible endogeneity in broadband adoption, suggests strong positive effects on labor demand of broadband use. The point estimate on total labor demand is around 22 log points, but it's not statistically significant. Lack of significance may be due to the use of two-way clustered standard errors and the fact that variation of the instrument is at the state and industry level. The fact that most point estimates are strictly greater than zero provides some evidence of a positive effect, which nonetheless is not precisely identified.
Alternatively, given the model assumptions under which TFP was estimated, the underlying labor demand should only be a function of input prices and TFP. Thus, under these assumptions, the effect of broadband adoption should only be observed through its indirect effect on TFP. Therefore, lack of statistical significance in the 2SLS estimation is consistent with this theoretical model 9 .
8 See Table 15 which shows the first stage regression and Table 16 which shows relevance, and weak inference statistics. 9 I thank the participants at the applied microeconomics seminar at Banco de la República in Cali, especially Juan Esteban Carranza, Camila Casas and Salvador Navarro for pointing out this alternative explanation.
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Robustness exercise
In this section I use a balanced panel sample to assess the degree to which sample selection could change the previous results. The balanced panel has a slightly higher share of large firms than the unbalanced panel in the main exercise, but the size distributions are not too different from one another. Table 11 Size distribution in the balanced panel.
Using a balanced panel does not change the main results, so there should be little concern about the effect of sample selection in the OLS regression. The fact that the balanced sample is comprised of about 70% of plants in the period is also reassuring. When I instrumented broadband on the balanced panel, the instrument loses its relevance, making the comparison between the two samples difficult. This suggests, however, that entry and exit dynamics could be related to broadband quality in a way that's systematically different for firms that remain in the sample since 2008 and those that enter or leave. Therefore, the 2SLS results in the main section should be interpreted as being driven mainly by entry and exit dynamics in the manufacturing sector. Further work to account for these dynamics would be an interesting extension to the current results. 
Discussion
Colombia is a country where business have a relatively high level of internet access. However, there is a great amount of heterogeneity regarding internet speed. Considering that the identification strategy proposed for the paper relies on the geographical nature of internet rollout to identify the causal effect of ICT on labor demand which is mediated through productivity gains, a finer measure of internet access was considered. The measure combines broadband speeds (greater than 1Mbps) and broadband technology use (DSL, Cable/Fiber, Wireless). Figure 4 and Figure 5 showed that this measure displayed both time and industry variation making it a good candidate to model productivity gains due to broadband use. Since broadband download speed might be a key factor In this paper, I proposed and estimated total factor productivity under the assumption that it evolves according to a process which depends on past broadband adoption. I estimated the effect of broadband adoption on labor demand for different worker types. I find positive correlations between broadband adoption and labor demand of most worker types of about 2%. The instrumental variable estimation showed a positive but statistically insignificant effect of broadband use on total labor demand. The fact that I used two-way clustered standard errors could have affected the statistical significance of the test. Alternatively, lack of statistical significance could come from the fact that broadband should only affect labor demand through its direct effect on TFP growth. In Table 8 I showed a positive relationship between broadband use and total factor productivity, which suggest a positive complementarity between broadband use and productivity. To further asses the possible skill complementarity of broadband I interacted total factor productivity and broadband adoption. Table 17 in the Appendix shows that labor demand for unskilled labor is negatively correlated to productivity increases even further for firms that use broadband, regardless of the method used to estimate TFP. Table 18 shows that for exporting firms although unskilled labor demand is negatively related to TFP growth, the value of production and output per worker are positive related to TFP growth.
The paper contributes by providing evidence about the effect of ICT adoption which is associated with productivity growth on labor demand. The lack of significance in the instrumental variable estimations suggest that other identification strategies are needed to capture the causal effect of broadband use on labor demand. Particularly, since the instrument appears to be highly sensitive to entry and exit dynamics. Although several possible instruments were available, download speed appears to be a strong predictor of broadband adoption to a greater extent than the number of subscriptions or upload speed, but more work should be conducted in determining the appropriate instruments to pin down the causal effects of broadband adoption on labor demand and productivity. 0.000* -0.000 -0.000 -0.000* -0.000*** -0.000** 0.000*** 0.000*** 0.000*** 0.000*** 0.000*** 0.000** 
Heterogeneous effects of broadband use

